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ABSTRACT

Fire climate in Southeast Asia is affected by two major
factors, rainfall and cloud cover. By "fire climate" we mean the
climate that affects the inception and behavior of wildfire. In
our study of the fire climate in Southeasi Asia we investigated,
when, for how long and by what mechanism the normally dry pericd
(November through April) is interrupted by widespread rain and
clouds.

We found five types of synoptic-scale weather disturbances
usually responsible for extensive rainfall over Southeast Asia
during the dry period. We give case histories,of general rain
that were caused by these five types of disturbances: (1) 30
November 1962--tropical cyclones and easterly waves; (2) 21-23
March 1963--troughs in the westerlies; (3) 24 and 25 November
1962--superposition of trough in the westerlies on easterly
waves; (4) 29 March 1963--surges of the northeast monsoon; and
(5) 7-9 March 1963--tropical troughs.
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Fire climate is affected by temperature, humidity, wind speed,
precipitation, and cloud cover. In Southeast Asia (SEA), the two
major factors are rainfall and cloud cover. The dry period there
generally extends from November through April and the wet period
from May through October (Environmental Technical Applications
Center 1967).

In 1968, the Pacific Southwest Forest and Range Experiment Sta-
tion, Forest Service, U.S. Department of Agriculture, investigated
when, for how long, and by what mechanism this normally dry period
in Southeast Asia is interrupted by rain and clouds. The study was
sponsored by the Advanced Research Projects Agency, U.S. Department
of Defense, under ARPA Order No. 818.

To find the answers, we determined the rainy periods and asso-
ciated these periods with the synoptic-scale weather disturbances
responsible by using the techniques of syncptic climatology devel-
oped by Jacobs (1946). In the process, we investigated the origins,
frequency, persistence, dissipation, dynamics, kinematics, and
associated fire climate of these synoptic-scile disturbances. This
scale measures the high and lTow pressure systems of the lower tro-
posphere with wave length of 1,000 to 2,500 kilometers.

In a preliminary report, McCutchan and Helfman (1969) described
the climatological data and map sources used for the study, the
computer programs used to organize and display the data, and pro-
vided a detailed analysis of one synoptic-scale weather disturbance

responsible for general rain in Southeast Asia--the tropical trough.

In this final report, we provide case histories as examples of
each of the five types of synoptic-scale disturbances that are
usually responsible for rai. in Southeast Asia during the normally
dry period (November through April). The five types are: (1) tropi-
cal cyclones and easterly waves; (2) troughs in the westerlies;

3) superposition of troughs in the westerlies on easterly waves;
4) surges of the northeast mgnsoon; and (§) tropical troughs.

EARLIER STUDIES

Some research has been done on synoptic-scale weather disturb-
ances affecting SEA during the dry season, but most researchers
have concentrated on the rainy period. Ramage (1955) was one of
the few who studied the dry period. He discovered the "tropical
trough" to be the major rain producer during this normally dry
period. He gave this name to a cold-core disturbance that appears
over southern India at or above 30,000 feet and moves eastward
into Burma, Thailand, and Indochina. Ramage mentioned many unknowns

g



about the trough. We found no evidence in the literature of further
research until McCutchan and Helfman (1969) reported the trough
responsible for the general rain in SEA on 7-9 March 1963.

Easterly waves and tropical cyclones are also synoptic-scale
weather disturbances that move through the SEA area during the
dry season. Much research has been done on easterly waves and
tropical cyclones in the Atlantic and Pacific Oceans; for examples,
by Dunin (1940) and, more recently, by Sadler (1963) and Merritt
(1964), who used weather-satellite photographs. Easterly waves
and tropical cyclones may not produce significant amounts of rain
or clouds by themselves during the dry period, but Riehl and
Shafer (1944) showed that superposition of a trough in the west-
erlies on an easterly wave often results in mutual intensifica-
tion. Ramage (1952) and Ranganathan and Soundararajan (1965)
found that this superposition can produce general rain and
clouds in SEA during this period.

Other research in SEA during the dry period has been concerned
with northeast monsoon surges--winter surge of northeast wind,
which develops behind a cold front that is pushed south into
Southeast Asia by the anticyclone over Siberia (Thompson 1951;
Ramage 1960); crachin--a period of 1ight rain, low stratus clouds,
and bad visibility usually occurring between late January and
early April and persisting for several days (Ramage 1954); the
sub-tropical jet stream (Yeh 1950); the West China trough
(Ramage 1960); and the general circulation (Thompson 1951; May-
hew 1965). '

METHODS

Data on daily rainfall and total cloud cover at 1300 L.s.t.
for about 200 individual weather reporting stations (fig. 1)
and rawinsonde and radiosonde data for 31 upper-air stations
were used in this report (fig. 2). A1l data were for the 6
months November through April for each year starting in 1959
and ending in 1964.

The University of California, Riverside IBM 360/50 computer
and Cal-Comp plotter were used to produce plotted daily maps of
rainfall and cloud amount, vertical time cross-sections, verti-
cal space cross-sections, upper-air charts, and Skew T, lLog P
diagrams (Air Weather Service 1969) for the upper-air stations.
The rainfall data were hand analyzed to show areal extent of
> 0.1 inch of rain per day. Likewise the cloud data were ana-
lyzed to show areal extent of clear, scattered, broken, and
overcast cloud conditions. Areas of more than 20,000 square
miles where > 0.1 inch of rain per day fell, along with a
broken or overcast cloud condition, were considered areas of
general rain.

Maps analyzed by the Thailand Meteorological Department for
surface, 850 mb., 700 mb., 500 mb., 300 mb., and 200 mb. for
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Figure l.--Locator chart for data on precipitation and cloud.

January through April 1963, surface and upper-air maps for 1963
and 1964 analyzed at the Ind1an Meteorologicai Centre, surface
and 300 mb. charts analyzed by the USAF Air Weather Service at
Guam, and locally analyzed upper-air charts along with vertical
time cross-sections, vertical space cross-sections, and Skew T,
Log P diagrams, were used in the study.

Since analyzed maps were only available for November 1962
through April 1964, the synoptic-scale weather disturbances were
determined for periods of general rain during this period only.

After the synoptic-scale disturbances responsible for these
general rain and cloud conditions were determined, we used sur-
face and upper-air charts, vertical time cross-sections, verti-
cal space cross-sections, and Skew T, Log P diagrams to study
and determine the origin, mevement, dissipation, dynamics, kine-
matics, and associated fire climate of these disturbances.

"



‘B3IPP SpUOSUTMEI I0J JIEYD I0IBOOT--°Z SINBTJ

i il <561 «0f1 -S21 <021 S «0N SO <001 56 <06 58 08 oL 0L 59 =09 55 =08 o6

> =T
- o ||%uvﬂ§ g
\Mw F T - N
Q . PJ Bioxolg M L

S, |

n._unn::_m//q/ m
NV 3IF|o20 N VIGN/

-

P )

N b‘””/kxj
e

1]
3 = = .
| 300 J / .
* /H& o1yxBues’ J W::w:n)_..h
mx » J N
0p (SR Lioig Sog M\ H\(l\.\l\
wong M N7 Eazrmu__ﬂd_toomzdu ~ “ sDIpbY . - -
’ S ) - e 8 Ly Trownse ua_s._um,/ \.\l&

NP IO

3 S\ ANYVTIVRL o
T S A o”.w;\_Jﬁ q a ¥ 505 4 vis vl\\
a h . e iva NV /IBVY Y
;Ur, A Bubuany wouigadirausin »B* 8

h) L J

A

sov 2

NOYIDH 1odoH[N 2!

2141204 NJ‘AZOE.NSJIJK# \. smdbon V vievyy

! Buo N jm b 7 vwnsng ® 4 1anvs
H = S £ UN Louinaon

%»\ “ \L \n\uuo. VIGNI S

{
2
o F N Tl B N ey o
: i L
VNIHD ./ [ R S |rr)/ P uipayog|
NN T ~ \\\( \
[ b - —— 1
0% Vi
= 7wl - < 4

K1) «Ovi BT 081 o521 021 KT 011 501 «00! =56 «06 ET] «08 oL <04 -9 «09 5% 0§




ANALYSIS

To determine the areas of general rain, we analyzed the maps
showing 24-hour precipitation and total cloud cover at 0600 G.
m.t. (1300 local timeg. When a period of general rain was deter-
mined, the vertical time cross-sections, vertical space cross-
sections, and Skew T, Log P diagrams for the period were plot-
ted and analyzed.

PRECIPITATION AND CLOUD COVER

The precipitation and cloud cover maps were analyzed for
> 0.1 inch of rainfall per day and for overcast, broken, scattered,
and clear total cloud amounts. In the cloud-cover analysis, the
cloud features described by Beran and Merritt (1967) were used as
guidelines.

VERTICAL TIME CROSS-SECTION

The vertical time cross-section computer plotting sequence fol-
lowed that recommended by Reiter (1963) and Saucier (1955). The
data are displayed in the same manner as a vertical space cross-
section. Thus, the troughs and ridges become evident from the
veering and backing of the wind. The analyses of the cross-sections
included the 24-hour height change for every 25 meters and the
24-hour temperature change for every 2°C. In addition, the dew-
point depression was analyzed for > 10°C. and < 5°C. The areas
with > 10°C. spread are dry areas and, as reported by Saucier
(1955), the moist areas, i.e., < 5°C. spread, are not to be taken
wholly as cloud patterns. Clouds may not exist in all the moist
areas. On the other hand, cirrus may occur outside these areas.
(Care must be taken when interpreting the temperature and mois-
ture analysis below 1000 mb. because the height-pressure scale
from 1000 mb. down to the surface is not the same as above 1000
mb. The height scale below 1000 mb. was expanded to facilitate
plotting the surface data.)

VERTICAL SPACE CROSS-SECTION

Vertical space cross-sections were computer plotted along two
axes: east-west and north-south.

The east-west cross-sections were analyzed for "D" values for
every 25 meters, potential temperatures for every 5°K., and dew-
point depression for > 10°C. and < 5°C. as in the case of verti-
cal time cross-section. The "D" value is the observed height minus
the height of the tropical atmosphere given by Fehlner et al.
(1958). The potential temperature is given by

o = T(1000/p)%/’ : (1)

in which T is the observed temperature in degrees Kelvin and p is
the pressure of the level in millibars.

The north-south vertical space cross-sections were analyzed in



two parts. In one part, the analysis is the same as the east-west
type in which the analysis includes "D" values, potential temper-
ature, and dewpoint depression. In the other part, however, the
east-west wind component was analyzed for every 10 knots and the
temperatures for every 5°C. A negative wind component indicates
an east wind and a positive, a west wind. (Here again, care must
be %akin with the analysis below 1000 mb. because of the expanded
scale.

SKEW T, LOG P DIAGRAM

The Skew T, Log P diagrems were all analyzed for Showalter
Index, and, if maximum temperatures were available, they were
also analyzed for the "Lifted Index" (Galway 1956). The Lifted
Index is similar to the Showalter Index, but Beran and Merritt
(1967) claim that the Lifted Index is a more representative
determination of low-level moisture and temperature values--an
important consideration in th. tropics. The Lifted Index was
evaluated by first determining the mean mixing ratio in the low-
est 3,000 feet by the equal-area method. Then the mean potential
temperature in the Towest 3,000 feet at the time of convection
was determined by using the maximum surface temperature for the
day at the station and assuming a dry-adiabatic lapse rate
through the Towest 3,000 feet. The 1ifting condensation level
(LCL)--1evel at which a parcel of moist air lifted dry adiabatic-
ally becomes saturated--was located at the intersection of the
mean mixing ratio and the mean potential temperature. The satura-
tion adiabat through the LCL was extended to the 500 mb. Tevel
and the temperature at the intersection was determined. The
Lifted Index, defined as the nbserved 500 mb. temperature minus
the computed temperature, was computed.

UPPER-AIR CHARTS

Most of the upper-air charts used in the paper were analyzed
either by the Thailand Meteorological Department, Indian Meteoro-
logical Centre, or the USAF Air Weather Service. No analyzed maps,
however, were available for November and December 1962 that cov-
ered Southeast Asia and India. Consequently, we analyzed our own
upper-air charts for these months from computer-plotted data.

Riehl (1954) recommends streamline analyses rather than contour
analyses because of the large spacing between stations and the
errors that upper-air soundings are subject to in the tropics.
These errors may not be great, but are important because they can
easily equal the magnitude of the synoptic variations.

The streamlines were drawn by using the isogon method as des-
cribed by Saucier (1955). We did not include isotach analyses in
this report because we were interested primarily in the wind flow
patterns to detect troughs, ridges, cyclones, and anticyclones.



RESULTS

PERIODS OF GENERAL RAIN

Daily precipitation and cloud cover maps for the 6 months,
November through April, for each year starting in 1959 and ending
in 1964 were analyzed. Periods of general rain were deteririned for
land areas within the area 6°N. to 24°N. and 92°E. to 110°E.
General rain was considered to have occurred if > 0.1 inch of
rain per day occurred along with broken or overcast cloud condi-
tion over an area more than 20,000 square miles.

January was the driest month with only eight general rain days
in the 5 years (table 1). No rain days at all occurred in January
1963 and 1964. December and February were also quite dry. The
wettest months were November with 56 general rain days and April
with 55 rain days for the 5-year period. November also had the
longest periods of rain with a 17-day period in 1960 and a 11-day
period in 1963.

Each analyzed map of general rain for those dates listed in
table 1 were superimposed on the base map with 1-degree square
references. The total number of days, by month, during the 5-year
period that general rain fell within'each 1-degree square was deter-
mined (figs. 3-8). Areas located along the coastline may be
slightly misrepresentative as the analyses were based on data over
land areas only. To further identify general rainfall occurrence,
10 random squares were graphed by using the year and number of
days with rain 20.1 inch. These figures not only show which
arecs had the greatest number of general rain days, but show the
variation, by year.

For example, the rainfall analyses for November (fig. 3) in-
dicates that the most days of general rain occurred in southern
South Vietnam and Cambodia, and the least number in northern
Thailand and eastern Burma. (The number of rain days in north-
eastern Laos shown in figs. 3-8 are not representative because
of lack of reporting stations.) Another maximum area of rain is
north of Hanoi in southern China, but this area shows a high
number of days on all months. This same geographical distribution
of rain days for November is represented to a lesser degree in
December (fig. 4). A significant drop in total rain days between
the 2 months, however, is evident. January was ever drier than
December during these 5 years, with no 1-degree area having more
than 4 days of general rain (fig. 5). Most of the highland area
of Thailand and Laos had no rain days during the month.

The map for February indicates that total moisture in SEA
increased over the previous month and that this moisture was
somewhat more evenly distributed, except that most of Burma had
no rain days at all (fig. 6). March and April have similar rain-
day patterns (figs. 7,8?. Although April was generally much wetter
than March, areas of greatest rainfall during these 2 months are
in northeast Thailand and, again, around Hanoi. Areas of dissimi-



larity between March and April are mostly south of Danang, where
there were fewer rain days in March than in April.

Although April and November have about the same number of
total rain days, rain days in April are more evenly distributed
throughout SEA than those in November. Most of the high rain days
in November were concentrated in the south--especially around the
Saigon-Phnom Penh area.

Most of the high rain days in November occurred in 1960 (fig.
3), whereas the high occurrences which are evident in April reached
a peak in 1962 (fig. 8). The graphs for all months and table 1
show that the period November 1962-April 1963 was the driest in the
5 years.

Table 1-Periods of general rain for land arcas in Southeast Asnl]

RUNS OF GENERAL RAIN DAYS TOTAL RAIN
MONTH/YEAR DATES OF GENERAL RAIN 1 2 3 45 6 17 8 9 10 »10 DAYS
PER_MONTH___
November 1959  3=9, 7, 10, 20, 2429 LIS I 3
Drcember 1949 11=1k, 23-0% 1 1 7
Jenuary 1960 21, 271-29 1 1 4
February 1960 2-3, 27-29 11 5
March 1960 1-6, 28-29 1 1 &
April 1960 2, 9-10, 15-16, 18, 21 3 2 7
November 1960 9, 1L-30 1 1 18
December 1960 1.2 1 2
January 1961 5<6 1 P
February 1961 5, 18-19, 21, 28 31 b
March 1961 3, 7-11, 13-15, 17, 28-31 2 111 1%
April .961 6, 9-12, 15-20, 26-27, 29 21 1 1 14
November 1961  L-5, 9, 17, 71 & 2 1 1 8
December 1961 15, 23-24, .., 1 31 5
January 1962 1, 17 2 2
February 1962 27-28 1 2
March 1962 2, 11, 16, 2u-25, 29 ' 6
April 1962 L, 10, 12-17, 19-22, 24, 26-30 3 11 1 18
November 1962 1-5, 2u-25%, 30 1 1 1 8
December 1962 13 1 1
January 1963 0
February 1963 12 1 1
March 1963 7-9, 12-13, 15, ?1=23, 295, 29 31 2 11
April 1961 L, 8, 28-29 2 1 )
November 1963  1-11, 2k, 26-27 11 1 14
December 1963 4, 11 2
January 1964
February 1964 21 1 1
March 1964 9, 25, 29-31 2 1 S
April 1964 1-2, 8, 12, 16, 18, 21-23, 25, 5 2 1 12
29-30

y General rain occurred if » 0,1 inch of rain per day occurred along with broken or over-
cast cloud condition over an area more than 20, 000 square tniles, for land areas only
within the area 6° N, to 24° N. and 82* E, t0 110° E,
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for 10 random squares.
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Figure 5.--Total number of days in January, during a S5-year
period, general rain fell within each l-degree square.

Histograms show the number of days of general rain, by year,
for 10 random squares.
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Figure 6.--Total number of days in February, during a S-year
period, general rain fell within each l-degree square.

Histograms show the number of days of general rain, by year,
for 10 random squares.
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Figure 7.--Total number of days in March, during a S5-year
period, general rain fell within each l-degree square.
Histograms show the number of days of general rain, by year,
for 10 random squares.
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SYNOPTIC-SCALE DISTURBANCES

In the early part of the normally dry period in SEA tropical
cyclones and easterly waves move westward south of the sub-
tropical ridge and can cause rain. A trough in the westerlies can
deepen over the area and sometimes cause rain. Also, an easterly
wave, which might produce little or no rain by itself, can cause
considerable rain if there is a superposition of a trough in the
westerlies on the easterly wave. A strong surge of the northeast
monsoon across the Annam Mountains can form a lee trough that
moves westward like an easterly wave and causes rain. Later in
the period, tropical troughs moving eastward at high levels in-
tensify over Burma, Thailand, and Indochina and extensive rain
usually occurs east of the trough line.

Case histories illustrate these five types of synoptic-scale
weather disturbances.

Tropical Cyclone
General Rain 30 November 1962

Moderate to heavy rainfall covered a large portion of South
Vietnam on 30 November 1962 (fig. 9). On 1 December considerable
rain continued to fall along the coast of South Vietnam and
Cambodia, but little or none inland (fig. 10). By 2 December the
only rainfall of any consequence occurred along the east coast
of Thailand.

Formation and Development of Tropieal Cyclone

An equatorial vortex--a closed cyclonic circulation within
the equatorial trough!--was first detected at 3.5°N. and 148°E.
on the surface analysis for 1200 G.m.t., 22 November 1962 (fig.
11). It probably developed from one of the undetected equatorial
waves which often form over the western Pacific Ocean. The 300
mb. analysis shows the vortex developed under an area of fairly
strong divergence in the upper levels (fig. 12).

The equatorial vortex was under the influence of the equator-
ial easterlies, which carried the vortex westward. By 0000 G.m.t.
on 25 November 1962 the vortex had moved to 6.5°N. and 136.5°E.,
where it became a tropical depression. The Joint Typhoon Warning
Center at Guam labeled the disturbance Tropical Depression 86,
tut the title was short-lived, because by about 000 G.m.t. the
depression had become a tropicai storm. . .Tropicai Storm Lucy.
By then Tropical Storm Lucy was about 180 miles east-southeast
of Koror Island, Palau Islands.

Movement of Tropical Cyclone

Tropical Storm Lucy continued to move west about 18-20 miles
per hour and passed about 30 miles south of Koror Island, around
1500 G.m.t. on 25 November 1962 (fig. 13) Heights fell, then began

lAmerican Meteorological Society. Glossary of meteorology. p.
206. 1959. Boston, Mass.
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to rise as the storm passed. The winds shifted very sharply with
the passage. A very deep, moist layer at Koror moved in about a
day and a half before the storm passed and remained until the day
after. The sounding taken at Koror at 1200 G.m.t. on 25 November,
just before the storm pa:;sed, showed that this layer extended to
250 mb. (fig. 14). The vertical temperature distribution for Koror
Island is similar to the one Riehl (1954) associated with the rain
area of a tropical cyclone. The temperature sounding is the same
as one traced by an air particle raised dry-adiabatically to con-
densation, tnen moist-adiabatically to about 300 mb.

After Tropical Storm Lucy passed Koror Island it began moving
west-northwest and by 0000 G.m.t. on 26 November, it was near 7.5°
N. and 131°E. (fig. 15). Tropical Storm Lucy became Typhoon Lucy
about 0000 G.m.t. on 27 November, just as it started to pass the
Philippine Islands. At about 0900 G.m.t. that day, the storm passed
just a few miles north of Cebu and by 1200 G.m.t. a quarter inch
of rain fell. Typhoon Lucy then began to move more to the west. On
the 28th at 0000 G.m.t. it was located at 10.5°N. and 120°E. (fig.
16). The circulation around Typhoon Lucy became much more intense,
with maximum surface winds reported to be almost 75 knots. And
the typhoon covered a much smaller area than it had on the 26th
(fig. 15). Growing more intense as it moved westward, Typhoon
Lucy passed Palawan Island about 0600 G.m.t. on the 28th. Puerto
Princesa, Palawan Island, about 75 miles south of Lucy's track,
reported over a half inch of rain between 0600 and 1200 G.m.t.

Typhoon Lucy reached its maximum intensity about 1200 G.m.t.
on 29 November, when 100 knot surface winds were reported. During
this peak intensity, Lucy slowed to about 10 m.p.h. but continued
to move west, and by 0000 G.m.t. on 30 November the disturbance
was located at 10°N. and 110°E. (fig. 17). At this time, the typhoon
had surface winds of 90 knots and was about 225 miles east-southeast
of Saigon. Moderate to heavy rain fell over much of South Vietnam
on the 30th as Lucy moved west along 10°N. latitude. The typhoon
began to lose intensity and became a tropical storm about 0600
G.m.t. on 30 November. Tropical Storm Lucy passed about 50 miles
south of Saigen. The storm center passed south of Saigon shortly
befora 1200 G.m.t. on the 30th (fig. 18). Very strong winds in the
middle troposphere were associated with the tropical storm. As it
passed, the winds from the 850 mb. level through the 200 mb. jevel
shifted, and the heights above 850 mb. rose sharply. The moist
layer was evident up to 300 mb.

As the tropical cyclone continued to move west, it had already
begun to weaken. By 0000 G.m.t. on 1 December the surface winds
were less than 30 knots and the storm became a tropical depression.
On 1 December, as the storm moved to the west across the Gulf of
Thailand, rainfall occurred only along the southwest coast of
Scuth Vietnam. The track of Typhoon Lucy prepared by the Joint
Twphoon Warning Center shows that the disturbance was dropped at
1800 G.m.t. on 1 December 1962 (fig. 19).

The disturbance, however, did not cie completely, but moved
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across the peninsula of Thailand and Burma and into the Andaman
Sea. It then moved west across the Bay of Beng.l, where it was
described as a "fresh easterly wave" by Ranganathan and Soundar-
arajan (1965).

Typhoon Lucy Responsible for Rain

At 0000 G.m.t. on 30 November 1962, Typhoon Lucy was located
at 10°N. and 110°E. with a closed cyclonic circulation at 300
mb. (fig. 20). A closed cyclonic circulation at this level is
not unusual. Riehl (1954), for example, reported that cyclonic
circulation can be expected in mature storms up through 300 mb.,
but above 300 mb. the flow is most often anticyclonic. In ana-
lyzing an east-west vertical space cross-section for 0000 G.m.t.,
30 November (fig. 21), we found the typhoon between two anticy-
clones. The height at 700 mb. was 300 meters below the height
of the tropical atmosphere given by Fehlner et al. (1958). The
V-shape of potential temperatures showed warm air in the typhoon
up through 250 mb. and a dome of cold air above. The soundings
taken at Saigon at 0000G m.t., while the typhoon was over the
South China Sea, and at 1200 G.m.t., just after the storm had
passed, showed cooling betow 300 mb. and a large increase in
moisture when Lucy passed {(figs. 22, 23). The atmosphere was
rather stable before, during, and after passage, with a Showalter
Index at Saigon of 4.5 at 0000 G.m.t. and 4.0 at 1200 G.m.t.

As Typhoon Lucy moved toward the coast of South Vietnam and
across the lowlands moderate to heavy rain fell over the east
coast and most of southern South Vietnam. Very heavy precipita-
tion was lacking--possibly because (1) the storm was decaying,
(2) the high speed of the storm {near 20 miles per hour), and (3)
the somewhat stable atmosphere within and around the storm.

Trough in the Westerlies
General Rain 21-23 March 1963

On 21 March 1963 general rain occurred over an area about
33,000 square miles in eastern Thailand and small parts of Laos
and Cambodia (fig. 24). By the 22nd the rain area had dwindled
to a little more than 20,000 square miles, but had spread farther
south into Cambodia (fig. 25). The general rain area on the 23rd,
however, again covered about 30,000 square miles on a narrow
strip along the Mekong River (fig. 26).

Movement of the Trough in the Westerlies

A trough was observed in the westerly flow at 300 mb. over
Egypt at 0000 G.m.t. on 11 March 1963. It continued to move east-
ward, and by 0000 G.m.t. on 15 March it had deepened and extended
to 10°N. over the Arabian Sea (fig. 27).

The trough continued to move east, and at the 300-mb. level it
passed Bombay at about 1800 G.m.t. on 15 March (fig. 28). The
trough is indicated by the zero height-change 1ine where height
had just fallen, then risen. However, Riehl (1954) suggests that
24-hour changes, when plotted at the end of the 24-hour interval
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Figure 23.--Skew T, Log P Diagram
for Saigon, Vietnam at 1200 GMT,
30 November 1962. Temperatures
given by solid line and dewpoint
by the dashed line.
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as was done in this study, should be mentally moved back 12 hours
to indicate instantaneous tendency. The graph (fig. 28) shows the
zero line passing Bombay at 300 mb. at 0600 G.m.t. on the 16th.
And so the trough passed at 1800 G.m.t. on the 15th. It was fol-
lowed by a veering of the wind, but the moist layer did not change
significantly. The trough continued its eastward movement and was
over the Bay of Bengal at 0000 G.m.t. on the 18th (fig. 29). It
passed Bangkok at the 300-mb. level at about 0000 G.m.t. on the
21st. On this date general rain occurred about 100 miles ahead of
the trough line. By 0000 G.m.t. 22 March 1963 the trough had deep-
ened somehwat and moved to the central part of SEA at 103°E. (fig.
30). With this deepening, the rain spread farther south and fell
almost immediately ahead of the trough line. The trough lay over
the Mekong River on the 23rd, and an area of rain occurred in a
narrow band along the river.

By 0000 G.m.t., on 25 March the trough had moved into the China
Sea (fig. 31). It finally dissipated on 27 March while still over
the same area.

Trough in the Westerlies Responsible for Rain

On 21 March 1963, the polar front across south China moved into
the China Sea and was activated, and general rain occurred (fig. 32).
At the same time a low-pressure cell formed on the front in north-
west Thailand and was reflected in the streamlines at 600 meters
(fig. 33). Low-level convergence became evident over the area. The
low-level convergence continued on the 22nd (fig. 34), and, at the
same time, high-level divergence occurred ahead of the trough at
the 300-mb. level (fig. 30). The trough at 300 mb. was located at
103°E. (fig. 30) and the rain areas for the 22nd (fig. 25 extended
northeastward from the trough line over the area of low-level con-
vergence and high-level divergence. Broken to overcast clouds occur-
red with the rain east of the trough, but, to the west, only scat-
tered clouds were observed.
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Vertical space cross-sections for 0000 G.m.t., 22 March 1963
were analyzed along east-west axes (figs. 35 and 36). The Banga-
lore-Clark cross section (fig. 35) displays two high-pressure areas
in the high troposphere centered over Madras and east of Clark
Air Force Base. These high-pressure areas override flow that is
generally easterly, showing that the trough did not extend this
far south in the low levels. The trough does show up, however,
at 200 mb. and above, over Barngkok and Saigon, and it appears to
have connected with the easterly flow below. Cold air, as indica-
ted by the dome of potential temperatures in this area above 700
mb., overrides a moist layer that extends up to 650 mb. The Bom-
bay-Guam cross-section shows a deep, broad trough extending from
Bombay to Danang, with a large high pressure area situated between
Clark and Guam ?fig. 36). Cold air in the trough is shown by the
potential temperatures between Chaingmai and Danang. The cnld air
is most pronounced between 850 and 400 mb. and overrides a fairly
deep, but narrow, moist layer. The general rain occurred just
ahead of the trough line as indicated on this cross-section and
just to the south of its transection.

With this trough in the westerlies, high-level divergence over-
laid low-level convergence ahead of the trough. This overlay caused
the polar front activity and ascent of moist unstable air, which
in turn caused the general rain.

Superposition of a Trough in the Westerlies
on an Easterly Wave

General Rain 24-25 November 1962

The precipitation and cloud cover maps show general rain over
much of South Vietnam, parts of Cambodia, and the southern penin-
sula of Thailand on 24 and 25 November 1962 (figs. 37, 38). By the
26th, most of the rain had moved out of South Vietnam and Cambodia.
Heavy rain, however, fell along the east coast of the Thailand
Peninsula, with one station reporting 4.72 inches.

Formation of the Easterly Wave

On 17 November 1962, a trough in the westerlies moved into the
China Sea and deepened (fig. 39). It extended well into the tropics
and became what Cressman (1948) calls an "extended trough." A
wave formed under this trough in the convergence zone between the
northeast monsoon, the North Pacific Trades flowing across the
Philippines, and the Southwest Trades from the Southern Hemisphere
(fig. 40). The wave became a closed circulation immediately, and
on 18 November 1962 was labeled Tropical Depression 85 by the Joint
Typhoon Warning Center at Guam.

Movement of the Easterly Wave

The wave moved slowly south-southwest and began to weaken as
the subtropical ridge at 300 mb. moved north to its original posi-
tion near 17°N. The label Tropical Depression 85 was removed on
20 November. After reaching 5°N. and 115°E. the wave remained sta-
tionary for 2 days (fig. 41). The wave began to move west and deepen
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as a new surge of the northeast monsoon arrived over the China Sea
(fig. 42). This surge increased the north-south pressure gradient
and strengthened the easterly flow over the China Sea. The easterly
wave moved very slowly on the 22nd and 23rd, but as the strength of
the northeast monsoon increased the easterly wave increased its
westward movement. The wave passed south of Saigon near 0000 G.m.t.
on 24 November (fig. 43). The passage is indicated by pressure falls
ahead of the wave, and by pressure rises behind. As mentioned b<fore,
the 24-hour changes, when plotted at the end of the 24-hour interval
as was done here, should be mentally moved back 12 hours to indicate
instantaneous tendency. No rainfall occurred on the 23rd but moder-
ate to heavy rain fell in southern South Vietnam and Cambodia on the
24th and 25th after the wave passed. A deep moist layer was associ-
ated with this easterly wave, and the wind shifts show that the wave
extended to well above 300 mb. (fig. 43).

The easterly wave continued to move west and passed Songkhla
about 1200 G.m.t. on the 25th (fig. 44). The deep moist layer, the
height to which the wave extends, and the very heavy precipitation
along the coast of the peninsula of Thaiiand on the 26th give evi-
dence of the strength of this easterly wave.

The wave moved across the peninsula and into the Andaman Sea on
the 26th (fig. 45). It continued to move west and by 0000 G.m.t.
on 27 November was at 5°N. and 95°E. The flow at 300 mb. indicates
that this easterly wave continued to move west across the Bay of
Bengal and arrived over the Indian Peninsula on 1 December. Rangan-
athan and Soundararajan (1965) hawe reported on the interaction of
this easterly wave with a westerly trough.

Trough in the Westerlies

As the wave moved across the South China Sea on 24 November a
trough in the westerlies was moving across northern Burma (fig.
46). As the trough approached Laos and North Vietnam the heights
above 300 mb. began to drop sharply on 24 November (fig. 47). The
trough deepened and passed Hanoi about 1800 G.m.t. on the 24th.
The trough passage at Hanoi was followed by a wind shift, a slight
pressure rise, and an increase of temperature at 300 mb. On the
25th, the trough continued to deepen; its extension to the south
into South Vietnam is evidenced by the 300 mb. streamlines (fig.
48). By the 27th, the trough had moved to the east and began to
fill as an anticyclone began to build over Southeast Asia.

Superposition 7f the Trough in the Westerlies
on the EasterLy Wave Respomsible for Rain

Moderate to heavy rain fell over southern South Vietnam and
Cambodia after the easterly wave passed. The vertical time cross-
section for Saigon showed that the easterly wave extended to above
300 mb. and produced a very deep moist layer (fig. 43). Because
this wave passed some 300 miles south of Saigon, its strength
near the center must have been enormous.

Why such a strong easterly wave? Riehl and Shafer (1944} show
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that superposition of a trough in the westerlies on an easterly
wave often results in intensification.of both.

Therefore, the moderate to heavy rain in South Vietnam and
Cambodia on the 24th and 25th and the deepening of the trough
in the westerlies and its extension into South Vietnam must have
been caused by an intcraction between the easterl: wave and the
trough. Thus a superposition of the trough in the westerlies on
the easterly wave very likely occurred over Southeast Asia on the
24th and 25th of November 1962.

(Text continued on page 38)
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Surge of the Northeast Monsoon
General Rain 29 March 1963

The precipitation and cloud cover maps for 28-30 March 1963
show that only isolated areas of rain fell on the 28th (figs. 49-
51). But on 29 March 1963, general rain occurred over western Cam-
bodia, eastern Thailand, northwestern Laos and the mountain areas
of northern Thailand (fig. 50). Covering about 120,000 square miles,
rainfall wes heavy in certain areas. Nakhon Ratchasima, Thailand,
for example, received 3.15 inches for the day, and Takeo, Cambodia,
2.31 inches. But, by the 30th the rainfall was restricted to the
%ulf of ?iam and the coastal areas of Cambodia and South Vietnam
fig. 51).

The movement of the broken and overcast clouds across SEA from
the northeast to the southwest from the 28th through the 30th of
March was particularly worthy of study. At 0600 G.m.t. on 28 March,
broken clouds covered North Vietnam, Laos, the panhandle of northern
South Vietnam, and eastern Thailand (fig. 49). By 0600 G.m.t. or the
29th, the broken clouds had pushed westward into Burma and covered
most areas south to the Gulf of Siam except for the Annam Mountain
area, which had only scattered clouds (fig. 50). On the 30th, clear
skies or just scattered clouds covered much of Southeast Asia. Broken
cliouds, however, were still present along the coastal areas of the
Gulf of Siam and in northeastern Burma (fig. 51).

Formation of Inverted Lee Trough

At 0000 G.m.t. on 27 March 1963 a cold front over South China
was being pushed south by the large Asian high pressure system (fig.
52). By the 28th, the cold front had pushed south to the border
between North Vietnam and South Vietnam (fig. 53). The surge of the
northeast monsoon had pushed across SEA and to the southern part of
the South China Sea by 0000 G.m.t. on 29 March 1963 (fig. 54). By the
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30th, the monsoon was weakening, and the thermal low had appeared
again over Burma (fig. 55).

Streamline analyses of the windflow at 600 meters over South-
east Asia for 28 March 1963 at 0000 G.m.t. picture the northeast
monsoon moving into North Vietnam. The flow over the rest of the
map is indicative of a 1ull in the northeast monsoon (fig. 56).

By 1200 G.m.t. on the 28th, the northeast monsoon had pushed south
across South Vietnam, Laos, and eastern Cambodia (fig. 57). The mon-
soon pushed south much faster, however, along the coast than it did
over the Annam Mountains, causing a strong easterly flow across the
mountains. And, consequently, an inverted lee trough formed west of
the mountain range near 106°E.

Movement of Inverted Lee Trough

As soon as the lee trough formed west of tlie Annam Mountains it
began to move west. The trough became a shallow wave in the easterly
flow along the leading edge of the northeast monsoon. By 0000 G.m.t.
on 29 March the wave had moved to 103°E. and become a well-defined
disturbance (fig. 58), as evidenced by the windflow at 850 mb. (fig.
59). The wave continued to move westward and began to weaken rapidly
late ¢n the 29th. By 0000 G.m.t. on 30 March 1963, the wave had dis-
sipated. being no longer visible on the streamline analysis (fig.
60?. A small anticyclone had already started to build up over north-
ern Thailand.

Inverted Lee Trough Responsible for Rain

The inverted lee trough that was formed by the northeast munsoon
moved westward like an easterly wave across Lacs, Cambodia, and
Thailand. And, like an easterly wave, the easterly component of the
wind near the ground became weaker near the trough line. Therefore,
low-level divergence and descending air were found ahead of the
trough line and low-level convergence and ascending air to the rear.
An anticyclone was located over the area at 700 mb., with divergence
at that level (fig. 61). This divergence aloft, coupled with the
convergence in the low levels, very likely caused strong ascending
motion to the rear of the trough line.

The sounding at Bangkok for 0000 G.m.t., 29 March 1963 shows that
the atmosphere over the area was quite unstable, with a 1ifted index
of -2 on the day the wave moved across the area (fig. 62). Likewise,
the sounding shows that the moist layer (dewpoint depression of 5°C.
or less) extended up to about 3,500 meters.

In addition, a trough in the westerlies moved across Southeast
Asia on the 29th and caused 2°C. cooling at 500 mb. This coolirg fur-
ther increased the instability.

Rain on 29 March 1963 fell for the most part to the rear of the
lee-trough line as it moved westward across SEA. This rain resulted
from the convective activity that occurred to the rear of the trough
1ine; warm moist, unstable air was carried upward by the upward com-
ponent of motion produced by the low-lex21 convergence and the high-
level divergence east of the trough line.

(text continued on page 45)
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This inverted lee trough formed, moved westward like a wave in
the easterlies, caused the general rain, and then dissipated. The en-
tire sequence lasted less than 36 hours.
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Tropical Trough
General Rain 7-9 March 1963

The precipitation and cloud cover maps show that extensive gener-
al rain occurred on 7-9 March 1963 (figs. 63-65). No areas of rain
occurred on 5 March and only two small areas show any on the 6th; how-
ever, rain on 7 March was so extensive that it covered almost 100,00C
square miles. Tie major rainfall occurred on the 8th when > 0.1
inch rain was recorded over about 225,000 square miles. But by 9
March, the rain area had shrunk to less than 60,000 square miles.

And by the 10th rain had moved completely out of the area we
studied.

Tropical Trough Respornsible for Rain

The surface analysis for 0000 G.m.t., 8 March 1963, shows that
the winter monsoon had surged far south, making conditions unfavor-
able for a tropical cyclone to form (fig. 66). Ramage (1955) re-
ported that in a 50-year period, only three tropical storm days
occurred over the China Sea in March. Easterly waves are more com-
mon in March than tropical cyclones, but we did not observe any
during this rainy period.

If the rain was not caused by a tropical cyclone or an easter-
ly wave, was a tropical trough responsible, as suggested by Fam-
age (1955)? Ramage described the tropical trough as a deep cold
trough in the westerlies, with high-level divergence and low-level
convergence ahead of the trough, causing considerable rain. West
of the trough line, fine weather and some surface anticyclogene-
sis occur because of the high-level convergence and low-level di-
vergence. When the trough has become stationary over Thailand and
Indochina, the subtropical ridge is displaced 5° latitude south
of its normal position.

The 850, 700, and 300 mb. analyses for 0000 G.m.t., 8 March
1963 are characterized by very large anticyclones northeast of
the Philippine Islands and off the west coast of India and a deep
trough between 90°E. and 100°E. (figs. 67-69). Strong southwest
flow across Burma, northern Thailand, and northern Indochina is
evident on the 850, 700, and 500 mb. charts. At the 850-mb. level,
convergence was found over northern Thailand and northern Indo-
china. At 300 mb. the trough was located at 100°E., with diver-
gence ahead of the trough. The rain area for 8 March 1963 (fig.
64) extended from the trough 1ine at 300 mb. northeastward over
the area of low-level convergence and high-level divergence. To
the west of the trough line, only scattered clouds were observed.

The subtropical ridge over Burma, Thailand, and Indochina at
0000 G.m.t., 7 March 1963 was at 19°N. (fig. 70). However, by
?000 G.mjt. on the 8th the ridge was displaced south to 14°N.

fig. 71).

Vertical space cross-sections for 0000 G.m.t., 8 March 1963,
were analyzed both along east-west and north-south axes (figs.
72-75). They provide a three-dimensional view of the atmosphere
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over Southeast Asia. The Bangalore-Clark cross-section (fig. 72)
displays a deep, broad trough separating two large high pressure
areas. Cold air in the trough is shown by the dome of potential
temperatures above Port Blair. The cold air is most pronouncad
above 500 mb. and overrides a deep, moist layer. In the cross-
section between Bombay and Guam {fig. 73), the trough extends
almost to the surface, and its deepness is evidenced by the more
than 200-meter height difference between it and the ridge at
135°E. The potential temperatures show that cold air is found
above 400 mb. ahead of the trough Tine. Along the transect of
this cross-section, rain occurred ahead of the “rough line and
fair weather behind the trough line.

The north south cross-section (fig. 74) has the deep trough
to the north and the equatorial trough to the south separated
by the subtropical ridge. The ridge slopes sharply to the south
with height, allowing the trougr to push much farther south at
high levels than it did at lower levels. The strong vertical
gradient of potential temperatures above Gauhati, Chaingmai and
Bangkok suggest that the tropopause is at 250 mb. above Gauhati,
and 125 mb. above Chaingmai and Bangkok. The Subtropical Jet Stream
is over Gauhati at about 150 mb. (fig. 75); this probably means that
the tropopause break is at this point (Reiter 1963).

From the facts about the tropical trough given by Ramage and
the information we have for this synoptic-scale disturbance, it is
quite evident that this disturbance is what Ramage calls a "trop-
ical trough."

Origin of the Tropical Trough

A trough moving east along the Mediterranean Coast of North
Africa was first observed in our analysis at 0000 G.m.t., 28
February 1963 over the Nile River in Egypt (fig. 76). A large
anticyclone was centered over Aden, and as the trough continued
to move east the anticyclone moved to the northwest. These move-
ments allowed the trough in dig to the south and deepen when it
reached 60°E. on 2 March 1963 (Fig. 77). This trough then moved
over the Arabian Sea and deepened to become a "tropical trough."
Therefore, the only difference between a tropical trough and a
trough in the westerlies is one of degree. Generally, a trough in
the westerlies--1ike the one that deepened here on 15 March 1963
(fig. 27)--is not as deep nor cold.

Movement of the Tropical Trough

After the trough deepened and became a tropical trough it con-
tinued its eastward movement, and at the 300-mb. level it passed
Bombay at about 0600 G.m.:. on 3 March (fig. 78). The trough is
indicated by the zero height change 1line where height had just
fallen then risen. The zero line passed Bombay at 300 mb. at 1800
G.m.t. on the 3rd; therefore, the trough passed about 0600 G.m.t.
The trough was followed by a sharp veering of the wind but no moist
layer was evident. By the 5th, the trough was over eastern India
(fig. 79) and passed Port Blair about 1800 G.m.t. on the 5th (fig.
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80). The moist layer extended to 500 mb. ahead of the trough at
Port Blair, but no precipitation occurred. The trough was over the
Bay of Bengal on the 6th (fig. 81), but the lower portion of the
trough moved faster than the upper portion. Therefore, the trough
at the 300-mb. level did not pass Calcutta until around 0600 G.m.t.
on the 6th (fig. 82). When the trough passed Calcutta, its tempera-
ture rose by 14°C. and its height by 400 meters, indicating the
strength of the ridge behind the trough.

The trough, with general rain occurring ahead of it, moved to
central Burma on the 7th (fig. 83). The Skew T, Log P diagram for
0000 G.m.t. on the 7th for Bangkok shows effects of the approach-
ing trough with less than 5°C. dewpoint depression through 700 mb,
(fig. 84?. The Showalter Index was +1 and the Lifted Index -4.
Light precipitation occurred in the vicinity on the 7th.

By the 8th, the moist layer over Bangkok had risen to above
600 mb., the Showalter Index had dropped to zero and the Lifted
Index had gone to -5 (fig. 85). The trough moved into Thailand on
the 8th (fig. 86) and passed Bangkok shortly after 0000 G.m.t. on
the 8th with a veering of the wind and a sharp drop in the moist
layer (fig. 87). In addition, the west winds lowered down to the
500 and 600 mb. levels after the trough passage. The trough was
still moving eastward on the 8th, but had not affected Saigon by
0000 G.m.t., on the 8th (fig. 88). The Showalter Index was +6 and
little moisture was present.

By 0600 G.m.t. the trough had passed Saigon with a moist layer
extending to 600 mb. immediately ahead of the trough (fig. 89).
The Skew T, Log P diagram for 0000 G.m.t. on the 9th shows that
considerable moisture remained at Saigon after the trough passed
(fig. 90). In fact, Saigon received 0.31 inch of rain on the 9th.
The Showalter Index on the 9th was +2 compared with +6 the day
before. The trough weakened on the 9th, but continued to move
slowly eastward (fig. 91). It passed Hanoi at about 0600 G.m.t. on
the 9th (fig. 92). But on the 8th, before the trough passed, a
deep, moist layer had extended above 300 mb. over Hanoi and light
rain fell during the day. Figure 93 shows a Showalter Index of
+2 for the 8th. The air had started to dry out before the trough
passed Hanoi, yet traces of rain occurred both on the 9th and 10th.

Dissipation of the Tropical Trough

The trough moved east of Hanoi by 0000 G.m.t. on the 10th (fig.
94), but then appears to have retrograded to the west of Hanoi by
0000 G.m.t. on the 11th and dissipated (fig. 95).

(text continued on page 55)
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Figure 63.--Analysis of 24-hour precipitation and
0600 GMT total cloud cover for 7 March 1963.
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Figure 64.--Analysis of 24-hour precipitation and
0600 GMT total cloud cover for 8 March 1963.
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